Xylogenesis in mature root parenchyma is elicited in vitro by the concerted action of the hormones cytokinin and auxin. Decreasing the temperature delayed the initiation of xylogenesis relative to the initiation of nonxylem cell formation. Once xylem or nonxylem cell formation was initiated, its rate was not temperature-sensitive within the 10-25°C range. Lowering the temperature after xylem formation had been initiated had little effect on xylem cell formation. Xylogenesis sensitivity to low temperature was demonstrable from the time cultures were established, even though cell division did not occur until 48-72 hr later and overt xylogenesis did not occur until 6 or 7 days later. The cold sensitivity of xylogenesis is not limited to a unique or early phase of culture.
Xylogenesis sensitivity to low temperature was demonstrable from the time cultures were established, even though cell division did not occur until 48-72 hr later and overt xylogenesis did not occur until 6 or 7 days later. The cold sensitivity of xylogenesis is not limited to a unique or early phase of culture. Plant cell culture offers the unique opportunity to examine the redevelopment (change from one differentiated state to another) of mature cells of multicellular eukaryotes in response to defined hormonal stimulation in vitro. This system provides the opportunity for precise control of conditions under which redevelopment is initiated as well as the quantitation of the responses which are not possible with in vivo stimulation.
Xylem element differentiation (xylogenesis) can be induced under fully defined culture conditions in excised pea (Pisum sativum) root cortical parenchyma cells despite the fact that xylem elements would not be derived from these cells in the intact plant. These root parenchyma cells are mitotically quiescent at the time of explanting and initiation of culture (1, 2) . They require both an exogenous auxin and cytokinin for the initiation of replication and for the subsequent redevelopment of cells into xylem elements (2) . Xylogenesis requires a higher concentration of cytokinin than is sufficient for optimal rates of replication (3) . In addition, the optimal pH values of the media for replication and xylogenesis differ (3) . Essentially all xylem elements are derived from cells that replicate DNA during culture (1) . However, absolute rates of replication seem irrelevant to the initiation of vascular development (3) . Ploidy changes occur in the cell population prior to overt xylogenesis (4), but there seems to be no correlation between ploidy changes and differentiation of a cell into xylem (5) . In this system, as in several others (e.g., see ref. 6), the direct conversion of a parenchyma cell into xylem without DNA replication has not been observed. Experiments with inhibitors of DNA synthesis (5-fluoro-deoxyuridine) show that some aspect of cell replication is essential for xylogenesis (6, 7) . Fluorodeoxyuridine experiments also indicate that xylem elements differentiate within 48 hr of DNA replication (7) . Further exploration of the replication requirement by using 5-bromodeoxyuridine, a thymidine analogue, suggests that the synthesis of new DNA is an aspect of replication necessary for xylogenesis (7) . In this respect the redevelopment of pea root parenchyma is similar to development of muscle and cartilage (reviewed in ref. 8) .
Recently it was found that temperature changes could disturb the normal xylogenesis induced by hormones in the pea root parenchyma system (8) . Low-temperature pulses have a greater inhibitory effect on xylogenesis than on replication. This observation suggests that further study of this response might provide an important means of distinguishing between various fundamental concepts of xylogenesis in vitro that might also be applicable to xylogenesis in vivo. I have used temperature to separate a class of events involved in the initiation of xylogenesis from the overt cytodifferentiation of xylem elements.
MATERIALS AND METHODS
Segments (1 mm) were excised at the 10-11th mm behind the root tip of 66-hr-old surface-sterilized aseptically germinated seeds of Pisum sativum (cv. Little Marvel) as described (1) . The segments were cultured on standard S2M (1) medium supplemented with kinetin (1 ,g/ml) on filter paper wicks in the dark under various temperature regimes (1) . All experiments were replicated two or three times with at least three root segments per sample. Cell numbers per segment were determined by macerating the segments in acid (9) and counting one to three 10-p, aliquots under Nomarksi interference optics at X100 magnification. Xylem cells are distinguished from nonxylem by having birefringent secondary cell wall thickenings and no protoplast at maturity. In all cases data are presented as the mean and standard error of two or more experiments.
RESULTS

Kinetics at 25C
The time course of xylem and nonxylem cell formation at the normal culture temperature (250C) was examined in several experiments ( Fig. 1) . At 25°C new nonxylem cells begin to accumulate after day 3 and continue to do so for 2 weeks. There is a progressive increase in the rate of total cell accumulation (nonxylem plus xylem) during this culture period.
Xylem cells do not appear until the sixth day in these cultures. The initial rate of formation of xylem cells is low, but once they appear there is a near exponential increase in the number of xylem cells. Effect of low temperature on xylogenesis and replication Long-Term Culture at Constant Temperature. Previous work indicated that low temperature may inhibit xylogenesis with minimal effects on replication (8) . A pilot experiment (not shown) demonstrated that, while cell replication occurred at the tested temperatures (4-350C), it was greatly reduced at 40C and 35°C relative to 25°C. In addition, the number of xylem cells was considerably reduced at temperatures below 250C, and the xylem cells were not formed at the extreme tempera-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Temperature in the range of 10-25°C has little effect on nonxylem cell formation (Fig. 2) . There is a small reduction in the initial rate at 100C and a small stimulation at 150C. At these temperatures the time course of cell replication is delayed by no more than 24 hr.
At 25, 21, or 15'C the formation of xylem elements follows a similar time course, although the rate is lower at lower temperatures. Xylem elements are observed in all segments by day 7. In contrast, at 100C xylem elements are seldom observed and do not accumulate measurably until after day 10. Thus, lowering the temperature from 15'C to 100C delays the initiation of overt differentiation of xylem elements dramatically.
Temperature Shift Experiments. Xylogenesis can be envisioned as a two-phase process of differentiation. During the first phase cells acquire the capacity to differentiate; during the second, this capacity is expressed. If expression is inhibited by low temperature, xylem elements should cease to accumulate whenever the temperature is dropped. This is not the case. Xylogenesis in segments shifted down at day 7 (250C to 100C) continued at a rate equal to that of the 250C control segments for 7 days past the shift to 10'C (Fig.  3A) . In contrast, segments in cultures initiated at 100C did not accumulate xylem elements immediately after the temperature was shifted up to 250C on day 7 (Fig. 3A) . Indeed, the delay in xylogenesis was almost as great as for segments maintained continuously at 100C (see Fig. 2 ). As before, the accumulation of nonxylem cells was not affected appreciably by temperature shifts (Fig. 3B) . These results strongly suggest that the acquisition of the competency to differentiate is unusually temperature sensitive. Once that competency is achieved, overt cytodifferentiation may be relatively temperature independent.
Early Temperature Shifts. By appropriate temperature shifts, it has been possible to demonstrate that no particular portion of the 7-day induction period is especially cold sensitive. A set of cultures was established at 100C and segments were shifted to 250C at daily intervals. Another set was initiated at 250C and segments were shifted down to 100C at daily intervals.
Exposure to 100C for only the first day of culture increases the lag prior to overt xylogenesis and thus shifts the xylogenesis curves in time (Fig. 4) . There is no corresponding effect on the nonxylem cell accumulation curve (Fig. 4) . On the other hand, the reverse experiment shows that transfer to 100C after 1 day or after 2 or 3 days also shifts the xylogenesis curves in time (Fig.  5) . Again, there is no significant effect on nonxylem cell accumulation. Hence, xylogenesis appears to be cold sensitive at all periods during the 6-to 7-day induction. 
DISCUSSION
Low temperature (100C) does not appreciably affect the time course of cell replication induced by kinetin. On the other hand, xylogenesis is delayed proportional to the exposure to low temperature at early times (1-7 days) after cultures have been initiated. Overt xylogenesis is not inhibited by lowering the temperature after xylem elements first appear (ca. 7 days). Consistent with this, raising the temperature from 100C to 250C at day 7 does not give rise to the immediate and rapid accumulation of xylem elements. These results indicate that xylogenesis in mature, quiescent root parenchyma consists of at least two phases distinguishable by differential cold sensitivity: (i) an early cold-sensitive phase detectable as soon as the cultures are initiated; and (ii) a later cold-insensitive phase that begins after overt xylogenesis is underway.
Analysis of the kinetics of xylogenesis and replication at 250C indicates a linear relationship between the logarithms of xylem and nonxylem cell formation (Fig. 6) . The nature of the relationship is such that a small change in nonxylem cell formation is coupled to a large change in xylem cell number. This result suggests that developing xylem elements may enhance the probability of further xylem element formation. Data from both the soybean callus culture system (10) and Jerusalem artichoke tuber cultures (11) yield a similar relationship between xylem and nonxylem cell formation.
Reanalysis of earlier work with the pea system reveals that the slope in the log-log relationship was not altered as a result of changing the cytokinin concentration (Fig. 7) . Changes in the cytokinin concentration caused a greater stimulation in the absolute rate of xylogenesis relative to replication (3) . This means that, as the cytokinin concentration increases, an in- creasing percent of the cell population differentiates as xylem per unit of time. Such differences in tissue composition could result if the rates of formation of these two cell types (xylem and nonxylem) always increase disproportionately.
The log-log relationship should be useful in evaluating the regulation of xylogenesis and the importance of cell replication. For instance, replication and xylogenesis are increasingly blocked by treatment with fluorodeoxyuridine (0.01-1 ,M) (7) .
Analysis of data from fluorodeoxyuridine-treated tissue reveals a simple extension of the log-log relationship to lower values; i.e., the slope is unchanged from control experiments. On the other hand, bromodeoxyuridine treatment inhibits xylogenesis preferentially (7) , and reanalysis of that data shows that the slope of the log-log relationship is decreased and different from that of control data. Low temperature, like bromodeoxyuridine, inhibits xylogenesis, but this may be via a fundamentally different mechanism. In this case more nonxylem elements are produced prior to overt xylogenesis; thus the nonxylem element value is greater when xylogenesis begins but the slope of the log-log relationship appears normal.
